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Abstract

The Herbig Ac star, AB Aur, was observed at 11.7 jum wavelength using the Cor-
nell Spect roCam-10 imaging spectrometer on the 5-m Hale Telescope. Th e observed
images were deconvolved using a Bayesian estimator which provides superresolution
from the incorporation of prior information (the positivity of intensity and the finite
support Of the emission), yiclding a final spatial resolution of 0717, corresponding to
27 AU at a distance of 160 pc. Our deconvolved immages have resolved the circumstel-
lar disk (diameter ~ 50 All ), andrevealed the presence of a central depression whose
size (~30 40 All) is consistent with the outer diameter of the gap which had been
inferred independently using a modecl-fit to the object’s spectral energy distribution.
We hypothesize that the 82D is due to the gravitational effects of planets,and that AB

Aur is the forerunner of a 8 Pic-type system.,
ypes)



1 Introduction

In previous modeling studies, broad mid-infrared dips in the spectral ¢iergy distributions
(SEDs) of some 'I' Tauri stars have been atiributed to physical gaps in the circumstellar
disks, assuming hatl temperature decreases monotonically outwards from the star (Marsh &
Mahoney 1992, 1993). Sucl gals might be expected as a consequelice of planct foriation
( Arty mowicz 1987). Some 1 erbig Ac stars also exhibit mid-infrared spectral dips, and have
other spectral characteristic : which suggest that they are simply hotter (and more massive)
versions of ‘1" Tauri stars (Ilillenbrand et al. 1 992). We would thercfore expect gaps o be
presentin these disks also, but on larger scales than for the I Tauri stars. For example, the
SED of AB Aur suggests a gap diameter of about 50 All. Motivated by this prediction, we
have made iimages of AB Aurat 11.7 yom wavelength, with aspatial resolution of 07’17, and

will now discuss these observations.

2 Observations

Our observations of AB Aur were made 011 October 28, 1993, using the SpectroCam-10imag-
ing spectrometer (Hayward ¢t al. 1 993) o011 thellale 5 telescope, at 11.7 gary wavelength,
with 0725 pixels. The diflrac.tie]) limit (A/D) was 0748. A modificd chopping-and-nodding
technique (Van Cleve et a. 19)-4 ) was usedin order {o facilitate removal of thesky 1Jack-
ground, with N Sdisplacement of oll-source and off-source positions. Short integration times
(1 .025 s cach, for on-source and of[-source) were used o reduce the eflects of sceing and tele-

scope motion. Obscrvations of a Tau and # Gem were made for calibration purposes. The




total on-source integration time was 45. |1 s for AB Aur,and12.3 s cach for o Tau and 8 Gem.

3 Analysis Procedure

The analysis procedure was as follows:

1. Diflerence the raw images to subtract the sky background.

2. Combine the individual differenced images into a single, well-saln])lcd, diflraction-

3.

Jimited image. In order to accomplish this, knhowledge of the frame-to-frame oflscts
was required. These were estimated by maximizing the correlation between cach dif-
{ferenced image and the nominal point spread function (PSI9). Thie images were then
combined using a most-probable Bayesian estimator, based on Gaussian prior statis-
tics. The motivation for using this procedure, rather than simple “shift-and-add,” is
that the latter would have suffered from aliasing problems due to the slight under-
sampling at the focal planc. In the Bayesian procedure; t']ie {rame-to-fraine Offsets
cflectively provide sub-pixel sampling which prevents aliasing of the diffraction-limited

image. The result for AB Aur is shown in Iigure la.

Fstimate the true PSE using the calibrator-star observations.

D cconvolve the PSIE from the combined AB Aur imagc, using a Bayesian estimator
designed Lo obtain superresolution from the incorporation of prior information, specif-

ically, the positivity of intensity and the finite support of the cmission.




The deconvolution technique, described in more detail by Richardson and Marsh (1983),
yiclds the most probable image conditioned on the mcasurements, based on a priori sta-
tistical models for both the measurement noise (zero-mean Gaussian) and the ensemble of
possible images (zcro-mean Gaussian for positive pixel-values and zero probability other-
wise). Tests with bothreal and synthetic data indicate that withaninput S/IN ~ 1 00 (the
approximate value for the present observations), thes)atia resolution of thie deem ol ved
image is approximately 0.35 A/ D, i.e. 071 7, corresponding to 27 AU at the 160 pe distance
of AB Aur (Hillenbrand et a. 1992).

A varicly of diflerent PSIs was used in the deconvolution, in order to investigate the
sensitivity of the result to IP SIY errors. These PSFs were derived using (@) all available
calibrator observations, (b) « Tau only, and (¢) # Gem only. As ancxample, the first of

these PSEFs is shown in Figure 1h.

4 Results

The resulting deconvolved images of A Aur, made with the above three PSEs, are shown
inligure 2 (a,b ¢, respectively). Also shown (IFigure 2d) is the result of yet another 'S),
estimated using only the “sharpest” half of the @ Tauand f Gem data (based on a sharpness
index defined as the normalized sum of squares of pixel values). We regard Figure 2d as our
best estimate of the A Aur image. The peak brightness temperature was 1761<.

Also shown in Figure 2 arc the deconvolved images of the calibrator stars, as an inde-
pendent check on deconvolution performance. Figures 2¢ and 2f show, respectively: 8 Gem

(deconvolved using the o Tau PS1Y) and o Tau (deconvolved using the g Gem PSI).

)



IMigures 2a and 2d suggest that the AB Aur disk isextended(~ 50 All) at 11.7 g, and
possesses a central depression of diameter ~ 3040 AU. Although of lower quality, images 2b
and 2c support these conclusions. I'urther evidence of the reality of the central depression
i s that the calibrator-star images (IMigures 2¢, 2[ ) arc single-peaked. They are distort ed,
however, duc to sceing-induced PSE rows; comparison with the corresponding AB Aur
images (Iigures 2b, 2¢), made with the same two PSIs, shows consistent behavior with
respect to the geometrie nature of the distortions. We have repeated the deconvolutions
after dividing the AB Aur data set up in various ways, and have concluded that the main

features of the image (the extended geometry and central depression) are real.

5 Interpretation

It is interesting to compare these imaging results with theoretical expectations based on
modcling of the SED. Following previous work (Matliicu, Adams, & Latham 1991; Marsh
& Mahoney 1992,1 993), we assumed a circumstellar disk model with a radial temperature
law of theform7'(r)ox r’, and a radial variation of linc-of-sight optical depth of the
form7(r)x - 7, in which allowance was made for thepresence of a gap. The frequenc -
dependence of dust opacity was assumed to be of the form given by Adams & Shu (1 986),
modified in the 8 13 jam region according to Cohen & Witteborn (1 985). In the model, the
silicate cinission{cature was assumed to be producedinanoptically-thindust cloud located
in the gap region, with a dust temperature of 500 K, and a 9.7 pm optical depth of 0.1
(Cohen & Witteborn | 985). Stellar parameters (L., 15, & Ay) were taken from Hillenbrand

ol al. (1992).



Iigure 3 shows the observed SEI, together with the theoretical spectrum for a model
disk Of innerandouterradii?in = ().1 9 AUandrqy, =1 06 AU, respectively, containing a gap
between radial distances 0.28 AU and 25 AU. T'he assuined orbital inclination was 55° , and
other parameters were: 1'(rn) == 2200 K, ¢ = 0.58,7(r;) = 2.8x 10". 'The corresponding
spatialintensity distribution] of thismodclat 11.7 jom is shown as aninsct, together with
the “smoothed” version obtlained by convolution with the spatial response of our superres-
olution algorithm. A comparison with I'igure 2d shows that the niodel has reproduced the
principal qualitative features of the observed (deconvolv ed) image, characterized by a central
depression which is flanked by cinission peaks separated by about 40 All. The cent ral source
(inner-disk 4 star) has been diluted out in the smoothing process. It is encouraging that the
peak brightness temperature of the sinoothed model-image (169 K ) is close to the observed
value of 17(i K.

In order toproduce the central depression in the model image, it was necessary to locate
the optically- thin silicate-cinitting graius in an annulus around the outside edge of the gap,
23 25 AU from the star, leaving the regionr = 0.28 23 AU devoid of material. We assuine
that these grains arc heated beyondthe local radiation temperature as a result of departures
from blackbody emission, as would be expected if the grain size were small (Backman &

Paresce 1992). For A3 Aur, grains typical of the ISM would attain the required temperature

of 500 K.



6 Discussion

The com parison of our observed images with theoretical models suggests that much of the
inner region of the A B Aur disk has been swept clean of dust. We may therefore be witness-
ing, for the first time, one of the predicted observational consequences of planet formation
ncar a newborn star. It is interesting that a recent observation of the circumstellar disk of
the nearby main-sequence star 8 Pic (Lagage & Pantin 1 994) also provides evidence for a
central clearing. Since 8 Pic and AB Aur are of fairly similar spectral type (AH and A0,
respectivel y), itseems reasonable to suppose that A B Aur represents an earlier evolutionary
stage of a [ 1c-type system.

W c thus havetwo classes of object (i.e, ncarbymain-sequence starsandHerbig Ac stars)
whosce circumstellar disks can be imaged in the mid-infrared with suflicient resolution to
detect structure related to planct formation. Although the best lincar resolution (in AU)
would be obtained for the closest objects, # Pic appears to be unique in being the only
nearby main-scquence star whose circumstellar disk is bright enough for detailed imaging,.
Incontrast,there exists a substantialnumber of Herbig Ae stars whose disks could be imaged

using the techniqgues desceribed in this Leller.
g the techniq ] bed in this Letler
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Figure Captions

Figure 1 (a) Combined (diflraction-limited) image of AB Aur; (b) PSF, derived from all
available observations of a Tau and g Gem. Bothimages are presented 011 a Jogarithmic

intensity scale of 2 decades, with a field of view of 3“.

Figure 2 Deconvolved images at 11.7 pm, cach presented on a linecar intensity scale, with
aficld of view of 1”.

(a) AB Aur, dcconvolved using PSI® derived from all calibrator data.

(b) AB Aur, deconvolved using PSI® derived from o Tauobservations only.

(¢) AB Aur, deconvolved using PSI1® derived from 8 Gem observations only.

(d) AB Aur, deconvolved using PSE derived {rom the “sharpest” half of the a Tau and
3 Gem data.

(¢) # Gem, deconvolved using PS1® derived from o Tauobservations.

(f) «a Tau, deconvolved using PSI derived from 8 Gem observations.

Figure 3 Results of theoretical modcling.

Ploi: Observed and modcled spectral energy distributions of A BB Aur. The plotted points
represent published photometry, taken from Hillenbrand et al. (1 992) and Cohen & Wit-
teborn (1 985). The solid line represents the theoretical spectrum for a model consisting of
star + circumnstellar disk, in which the disk contains a gap. Also shown arc theindividual
contributions of star (dot-dashed), and disk (dashed).

Inscl: The UppPer pancl snow s the theoretical intensity distribution corresponding to the
model. It is presented on a logarithmic scale spanning 6 decades, suchithat the peak intensity
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occurs at the central source (seen as a small dot), while the minimumintensity occurs at the
outside « ge of the disk as scenin the figure. The lower panel (lincar intensity scale) shows
the (il of smoothing this distribution with the spatial response of our superresolution
algorithm, and regridding using the same sampling interval as for Figure 2. The field of view

of both pancls is 1¢
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